Adverse cardiovascular events, including stroke, often result from chronic atherosclerosis. Although the rate of atherosclerotic progression is highly variable, older adults typically have structural changes to the vascular system on examination, including lipid accumulation, plaque formation, and calcification of the arterial walls. 1 Atherosclerotic burden is reflected by increased arterial stiffness, 2 whereby aortic pressure is augmented, resulting in increased arterial wall stress and left ventricular afterload and reduced coronary perfusion pressure. 3 Arterial stiffness is elevated in at-risk populations, including older adults and individuals with coronary artery disease, hypertension, dyslipidemia, and diabetes. 4 Increased stiffness is associated with elevated cardiovascular risk. 5 It is an independent risk factor for all-cause and cardiovascular mortality and other adverse cardiac outcomes, [6] [7] [8] and an independent predictor of coronary heart disease and stroke. 9 Among older adults, elevated arterial stiffness was associated with the presence of lacunar infarcts and white matter hyperintensities, which are markers of silent cerebrovascular disease. 10 Carotid-femoral pulse wave velocity (cfPWV), the criterion standard method for measuring arterial stiffness, reflects the pulse wave propagation model within the arterial tree and can be measured noninvasively using mechanotransducers. 11 It is calculated as D(m)/Dt (sec), where Dt is the transit time of pulse waves between the carotid and femoral arteries (D). 11 A higher PWV indicates greater stiffness. Among individuals with stroke, the degree to which arterial stiffening has occurred is an important consideration, particularly because of its association with increased cardiovascular risk. Arterial stiffness is acutely elevated after ischemic stroke 12 and is associated with older age, diabetes, hypertension, 13 and the metabolic syndrome. 14 This acute increase in arterial stiffness may be caused by a complex interaction of multiple factors, including the occurrence of inflammatory processes and oxidative stress and the presence of endothelial dysfunction.
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Whether arterial stiffness remains elevated in the later poststroke stages is also important, because the risk for recurrent events remains high; the 5-year rate for recurrent stroke is 26% and at 10 years is nearly 40%. 15 Cardiovascular risk factors are poorly managed in the later stages after stroke, 16 and comorbid cardiovascular conditions, such as hypertension and heart disease, are highly prevalent. 17 In addition, mobility limitations that persist after the initial neuromotor sequelae from stroke often lead to long-term inactivity and sedentary behaviors. Whether mobility limitations and the resultant low levels of physical activity contribute to atherosclerotic processes (as evidenced by elevated arterial stiffness) in the longterm after stroke has not been previously examined. Given that physical inactivity is a modifiable cardiovascular risk factor, this exploratory study aimed to identify functional correlates, reflective of daily physical activity levels, with arterial stiffness in community-dwelling individuals at least 1 year poststroke.
Methods
This study was a secondary cross-sectional analysis of a subset of data from a larger randomized, controlled trial examining the effects of exercise on cardiovascular function among individuals with stroke. 18 For this analysis, data were available for 35 of the 48 participants from the main trial.
Ethics Statement
This study was approved by the University of British Columbia Clinical Research Ethics Board in May 2010. Informed written consent was obtained from all participants.
Participants
Individuals were eligible for the main trial if they were at least 1 year poststroke, living in the community, and able to walk 5 meters independently. Exclusion criteria included stroke of noncardiogenic origin (e.g., aneurysm, tumor, or infection), participation in stroke rehabilitation services, and the presence of uncontrolled arrhythmias, a pacemaker, or musculoskeletal or other issues that would preclude participation in the main trial intervention.
Assessments
Participant demographics were recorded, including age, sex, details of stroke (i.e., time poststroke, type, and location), and relevant medical history. Participants were then assessed for stroke severity and lower limb impairment using the National Institutes of Health Stroke Scale, 19 where higher scores indicate greater severity (maximum score 42), and the Chedoke-McMaster Stroke Assessment, 20 where the Leg and Foot Impairment inventories were combined for a maximum score of 14 (higher scores indicate greater motor recovery).
Assessment of Arterial Stiffness
Central arterial stiffness was measured noninvasively using 2 mechanotransducers (Complior; Artech Medical, Pantin, France) placed over the carotid and femoral arteries of the participant's nonparetic side to determine cfPWV. Participants were requested to abstain from caffeine and tobacco 4 hours before the measurement and to abstain from alcohol consumption 12 hours before the measurement. Measurements were taken after 10 minutes of supine rest. Ten consistent and reproducible waveforms that met the software's quality indices were obtained to determine cfPWV.
Potential Correlates with Arterial Stiffness
We sought to determine what dimensions of physical activity were independently correlated with arterial stiffness. Given the sample size of 35 participants with arterial stiffness data, 3 to 4 variables could be accommodated into a regression model. 21 The following variables, known to be associated with level of physical activity, were explored as potential correlates with cfPWV.
Aerobic Capacity
Aerobic capacity, a measure of cardiorespiratory fitness, is reflective of daily physical activity levels. It is associated with free-living physical activity after stroke, [22] [23] [24] and low levels of physical activity are associated with the risk of cardiovascular events, mediated by elevated levels of inflammatory biomarkers, high blood pressure, impaired lipid profile, and a high body mass index. 25 Conversely, increased physical activity, particularly exercise that is aerobic in nature, is effective in attenuating other atherosclerotic risk factors, such as hypertension, insulin resistance and glucose intolerance, dyslipidemia, and obesity. 26 Aerobic capacity was determined using a maximal exercise ramp protocol 27 on a leg cycle ergometer (Excalibur; Lode Medical Technology, Groningen, the Netherlands) and metabolic cart for measurement of breath-to-breath gas exchange (ParvoMedics, Sandy, UT). The American College of Sports Medicine guidelines for test termination were followed. 28 The protocol was adjusted to use 10-or 15-watt increments to maintain a test time between 8 and 10 minutes. VO 2 peak, the criterion standard for cardiorespiratory fitness, was the primary outcome determined as the highest value achieved from the test.
Walking Ability
Gait speed is the most widely used and accepted measure of walking ability. The average of 2 trials of selfselected gait speed was measured over a 9-meter distance, where the middle 5 meters were timed. Gait aids were permitted. Gait speed is associated with home and community walking activity 29 and participation. 30 
Balance Ability
The Berg Balance Scale (BBS) is the most commonly used clinical measure of functional balance. It is evaluated by performing tasks, such as standing with eyes closed, turning and looking, and stepping up and down on a step. 31 The maximum score is 56, and higher scores indicate better balance function. The BBS has high test-retest reliability and concurrent validity with measures of functional independence with the stroke population. 32 Poor balance may contribute to decline in cardiorespiratory fitness through balance-related inactivity.
33 Analysis Participant characteristics were described using mean 6 SD (min-max) for continuous variables and the median (10th and 90th percentile) if the distribution was skewed. Categorical variables were described using frequency (percentage).
To examine the correlates with arterial stiffness, we first conducted bivariate analyses between cfPWV and each candidate variable (i.e., VO 2 peak, self-selected gait speed, and BBS score), as well as age and blood pressure medication use. Scatterplots were visually inspected for outliers and to confirm the linearity of associations.
Multivariable regression analyses were performed to determine the influence of daily physical activity levels on arterial stiffness. Because age and the use of antihypertensive medications are known to influence pulse wave velocity, 11 these variables were included in the model.
Each candidate variable (i.e., VO 2 peak, gait speed, and BBS score) was then entered individually to the model to determine the additional variance of cfPWV that was explained. Tolerance values, variance inflation factors, and residuals were examined. Statistical Package for the Social Sciences software (version 17.0; SPSS, Inc., Chicago IL) was used for all analyses.
Results
Of the original 48 participants in the main trial, we were unable to obtain pulse wave signal values for 11 patients. VO 2 peak data were unavailable for 2 additional participants (because of an issue with the metabolic cart; in addition, 1 patient was unable to pedal on the cycle ergometer, and the exercise test was therefore not performed). Data from 35 participants were available for analysis. In general, participant characteristics between those with and without full datasets were similar (for characteristics in Table 1 ), except that there were relatively fewer men (only 38%).
Participant Characteristics
Characteristics for the 35 participants are presented in Table 1 . Participants sustained strokes of mild to moderate severity as evidenced by the National Institutes of Health Stroke Scale and Chedoke-McMaster Stroke Assessment leg and foot scores. Twenty-two (63%) participants did not require gait aids for ambulation, 11 (32%) used a cane, and 2 (6%) used a walker. Participants had gait speeds that were 72.2% 6 29.3% of age-matched healthy individuals, 34 and aerobic capacity was 56.4% 6
18.3% of normative values. 28 
Correlates with Arterial Stiffness
The bivariate analyses revealed an inverse association between cfPWV and VO 2 peak (r 5 20.45; P 5 .006) and a positive association between cfPWV and age (r 5 0.46; P 5 .004; Table 2 ). There were no relationships between cfPWV and balance or walking ability or antihypertension medication use. Scatterplots depicting the relationships between age and cfPWV and VO 2 peak and cfPWV are shown in Figure 1 .
Results from the multivariable regression analyses are presented in Table 3 . In model 1, age and antihypertensive medication use alone accounted for 20.2% of the variance of cfPWV. In model 2, VO 2 peak alone explained 20.4% of the variance of cfPWV. In models 3 to 5, each 
Discussion
Arterial stiffness can provide important information regarding the progression of atherosclerosis and can be measured noninvasively in individuals with stroke. Ours is the first study to measure arterial stiffness (cfPWV) among community-dwelling individuals with stroke and to examine its association with measures reflective of daily physical activity levels.
The 11.2 m/s cfPWV measured in our sample was higher than reported reference values. In a metaanalysis of 11 studies, cfPWV collected from the Complior device (which was used in the current study) was 8.86 m/ s among adults 23 to 72 years of age who did not have cardiovascular disease or risk factors. 35 For older adults (60-69 years of age), a reference value of cfPWV as 10.3 m/s was derived from an algorithm to convert data obtained from various instrumentation (including the Complior device). 36 Therefore, among our participants of older adults with stroke, the degree to which cfPWV is elevated relative to nonstroke cohorts is greater than the 0.5-m/s difference that is considered to be clinically meaningful 37 and further highlights the multiple issues in the stroke population that affect cardiovascular health and increases their risk for recurrent events. That age is associated with cfPWVamong individuals in the later stroke stages is consistent with previous reports involving healthy adults 38, 39 and those in the acute stroke phase. 12, 13 Age is an established cardiovascular risk factor, and atherosclerotic disease progression is associated with increasing age. Age-associated changes to the vascular system include the overproduction of collagen, lipid accumulation, plaque formation, and arterial wall calcification, resulting in repetitive arterial wall stress and elastin fiber fracture, which contributes to increased arterial stiffness.
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In the multivariable regression analyses, the addition of each measure of daily physical activity levels into the models that included age and antihypertension medication use provided additional explanations for the variance of cfPWV. While gait speed and balance ability resulted in small increases in R 2 , the variable that Abbreviations: CI, confidence interval; VO 2 peak, aerobic capacity. contributed to the greatest change was VO 2 peak, accounting for an additional 4.5% of the variability observed in cfPWV (Table 3 ; model 3). While this increase was not statistically significant, the overall model remained significant, suggesting that aerobic capacity, an objective measure of daily physical activity, 40 may contribute to poststroke arterial stiffness among individuals with the same age and blood pressure medication use. However, this observation would need to be confirmed in a larger study. Diminished exercise capacity reflects low levels of daily physical activity engaged by the participants, which may provide an explanation for its contribution to the model. The scatterplot between cfPWV and VO 2 peak (Fig 1B) generated some interesting observations, notably the differences in the distribution of cfPWV values between participants in the higher versus lower ranges of VO 2 peak. While individuals with VO 2 peak values .20 mL/kg/ min consistently had low arterial stiffness, there was a broad range of cfPWV values among individuals with more compromised fitness (,20 mL/kg/min). It is possible that a threshold for aerobic fitness may exist before improvements in arterial stiffness are observed. Study participants at the low end of the fitness spectrum (VO 2 peak values ,20 mL/kg/min) were likely to be the most sedentary yet potentially have the most to gain, even with modest levels of exercise. Indeed, it has been previously shown that the greatest improvements in cardiovascular health outcomes were observed among individuals with the most compromised fitness levels, including a reduced risk for cardiovascular-related mortality 41 and cardiovascular disease 42 and lowered arterial stiffness. 43 While physical inactivity is a known risk factor for atherosclerosis, only a few cross-sectional studies have reported the inverse relationship between arterial stiffness and measures of physical activity or physical fitness, [44] [45] [46] and none focused on individuals with stroke.
Augmented physical activity has the potential to improve arterial stiffness, even in the presence of aging. Tanaka et al 43 found that sedentary and recreationally active men had lower central arterial compliance compared to endurance-trained men regardless of age group, suggesting that age-associated increases in arterial stiffness may be mitigated with regular aerobic exercise. Exercise training has also been shown to improve arterial stiffness among individuals with coronary artery disease, 47 older adults with multiple risk factors, 48 and those undergoing hemodialysis. 49 Only one study has examined the effects of exercise on arterial function in individuals with stroke. Takatori et al 50 concluded that intensive strengthening may have some benefit to vascular stiffness on the paretic side, but analogous findings were not observed on the nonparetic side. Whether intense risk modification and increased levels of physical activity poststroke will reduce arterial stiffness remains to be determined. Our participants yBased on likelihood ratio test of nested models.
represented individuals with relatively mild severity of stroke (all were capable of ambulation and living in the community), yet all subjects had compromised aerobic fitness levels and elevated arterial stiffness. Given the presence of cardiovascular comorbidities 17 and elevated risk for recurrent events in this population, 15 regular physical activity may attenuate the risk of adverse cardiovascular outcomes. Of note, a cross-sectional study of physically active individuals with spinal cord injury and agematched recreationally active healthy controls found no differences in arterial stiffness between the 2 groups, 51 suggesting that physical activity may preserve arterial function, even among individuals with mobility limitations. 51 Exercise-related improvements in arterial stiffness also appear to be reversible with detraining, 49 underscoring the need for training programs to be ongoing in nature for at-risk populations, such as stroke.
Study Limitations
Because of the cross-sectional nature of this study, we are only able to evaluate independent correlates with cfPWV at a single point in time, and therefore we cannot infer the causality of higher aerobic capacity on reduced arterial stiffness. That we were only able to obtain pulse wave signal for approximately 80% of participants from the main trial also limits the use of this measure. In addition, the small sample size limited our ability to determine the independent contribution of aerobic fitness to arterial stiffness. Future work may provide additional evidence of the negative health implications of reduced fitness among individuals with stroke who also present with age-related changes to the vascular system. Finally, it has been suggested that arterial stiffness may be more relevant for primary prevention, 52 and indeed, no study has yet examined the predictive value of arterial stiffness in the occurrence of secondary events. Longitudinal studies that examine relationships between arterial stiffness and recurrent stroke and other cardiovascular variables may be the focus of future work.
In conclusion, among community-dwelling individuals with stroke, arterial stiffness measured by cfPWV is higher relative to values reported for older adults. Multivariable regression analysis suggests that aerobic fitness (VO 2 peak) may contribute to the variance of cfPWV, after accounting for the effects of age and medication use. Whether intense risk modification and augmented physical activity will improve arterial stiffness remains to be determined, but given the elevated risk of cardiovascular events, including recurrent stroke, providing opportunities to engage in regular exercise in this population is an important consideration.
